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I. INTRODUCTION 
A, History and Thermodynamics 
Superconductivity was discovered by Kamerlingh Onnes (1) 
in 1911 as he attempted to measure the electrical resistivity 
of mercury wires at liquid helium temperatures. Since its 
discovery this phenomenon has been found in more than twenty 
elements and hundreds of alloys. A number of fine review 
articles and books (2-6) have summarized experimental and 
theoretical work in this interesting and expanding field. 
The zero resistance behavior is only one of the many 
manifiestations of superconductivity. This state is also 
characterized by large reductions in thermal conductivity, 
a jump in the specific heat at the critical temperature, and 
a complete expulsion of magnetic flux (or Meissner effect) (3). 
On a microscopic scale probably the most interesting 
characteristic is the existence of an energy gap in the 
excitation spectrum (7). These are but few of the manifesta­
tions of the superconducting state. 
The temperature at which a material becomes superconducting, 
called the critical temperature, T^, ranges up to about 20 °K. 
In the absence of a magnetic field the sample remains super­
conducting at all temperatures below T . If, however, a 
sufficiently large field is applied to the superconductor 
below T a phase transition will take place and the sample G 
2 
returns to the normal state. The value of the field at which 
this transition occurs is the temperature dependent critical 
field, H^(T). If one designates the critical field at T = 0 
to be 11^, a Kood approximation for the shape of the cri Lical 
field curve, the boundary between the superconducLin# and 
normal states on a magnetic field versus temperature plot, 
is given by Tuyn's law (4) 
Hg/H^ = 1 - (T/T^)^ (1) 
or in reduced parameters 
h = 1 - t^ (2) 
where h = H^/Hg and t = T/T^. 
If Tuyn's law were strictly obeyed critical field curves 
drawn in reduced parameters for any number of superconductors 
would superimpose on the same parabola. There are, of course, 
deviations from this law and it is convenient to express 
differences between superconductors as deviations from the 
reduced parabola. The deviation function, D(t), follows from 
Equation 2 
D(t) = h - (1 - t^). (3) 
2 
A plot of D versus t is often drawn to allow one to examine 
details of the critical field curve. 
A simple relation exists between the molar Gibbs free 
energy, G, in the normal (n) and superconducting (s) states 
and the critical field (3) 
- «SIH^ = ^  "2/(8^ (4) 
where v is the molar volume. This free energy difference is 
3 
due to the electronic term since changes in the lattice 
contribution in the transition are negligible (3). 
At Tg the superconducting phase transition is second 
order with a finite jump in specific heat but in a magnetic 
field the transition is first order so that at all tempera­
tures below there is an. increase in entropy as one enters 
the normal state. For reversible superconducting transitions 
one can write thermodynamic relations for differences in 
entropy, S, and specific heat, C, which have general 
validity (3) 
vH /dH \ 
AS = S - S 1 1 (5) 
" ® . 4tt VdT / 
and 
AC = Cn - Cg - T (AS) . (6) 
In particular, for AC at the critical temperature where 
is zero one obtains Rutger's formula (3) 
vT /dH 
AC^ -{—] . (7) 
c 47r \dT 
Therefore by taking successive derivatives of the critical 
field curve one can obtain the entropy difference between the 
two states and the jump in specific heat. 
B. Experimental Background 
As oarly as 1929 Moissnor (8) roporlod thai thorium was 
a superconductor with a critical temperature of about 1.4 °K. 
Using a moment measuring technique Shoenberg (9) measured the 
critical field down to one degree and found that thorium had 
4 
sharp transitions characteristic of Type I superconductors. 
With a magnetic refrigerator to reach temperatures as low as 
0.1 °K Wolcott and Hein (10) measured the critical field 
curve for thorium by observing the differential susceptibility 
as the sample warmed to the normal state in a constant applied 
field. The data presented here are more accurate than 
previous measurements and make possible a better comparison 
with theory. 
The experiment was designed to study the element itself 
and the effects of magnetic impurities on the superconducting 
state so it was important to choose a host which dissolves 
the magnetic ions. Thorium forms solid solutions with 
gadolinium at concentrations up to 60 % (11) so the solid 
solubility criterion is well satisfied at concentrations 
near 1 %. Gadolinium was used as the magnetic impurity 
because in addition to the advantage of its solubility in 
thorium it has a large and highly localized moment. High 
purity thorium was readily available at this laboratory. 
A number of articles have been published concerning the 
rapid reduction in superconducting critical temperature with 
increasing magnetic impurity concentration (12-14). Woolf 
and Reif (15) have studied the density of states for magnet­
ically doped superconductors and have found that the energy 
gap is reduced and the peak in the density of states is 
broadened as the number of magnetic ions is increased. In 
5 
fact the energy gap is reduced more quickly than the critical 
temperature indicating the existence of "gapless" supercon­
ductivity, Magnetic impurities with less localized moments, 
the transition-elements Fe and Mn, were reported to have an 
even more pronounced effect. Specific heat measurements by 
Finnemore . (16) on lanthanum with gadolinium as the 
magnetic impurity support the critical temperature and 
energy gap effects for bulk superconductors. Critical field 
curves have been measured for superconductors with magnetic 
impurities in the "dirty" limit (17, 18) where there is much 
flux penetration. Type II superconducivity. The results of 
the critical field measurements agree qualitatively with the 
results of this research but the analysis is more complex. 
C. Microscopic Theory 
In 1957 Bardeen, Cooper, and Schrieffer (19) (hereafter 
referred to as BCS) published a microscopic theory which 
explains many of the observed phenomena for Type I super­
conductors and, in particular, it predicted an energy gap 
of about the correct magnitude. Within BCS the electrons 
form ground state pairs with opposite wave vectors and spin 
(kj, -ki|r). These paired electrons are bound via electron 
phonon interactions and move through the lattice as a unit. 
As the temperature decreases below T^, the BCS energy gap, 
2Ap(T), increases monotonically with the number of electrons 
in the ground state and at zero degrees Kelvin pairing is 
complete and the half energy gap, (0), is 
(«) 
where In is Eulerfe constant, kg is Boltzmann's constant and 
T is the critical temperature for the pure material. This 
cp 
energy gap or pairing energy is reflected in a change in the 
free energy of the system. At zero degrees the free energy 
relation is 
Fn(0) - Fg(0) - -I NqA^CO) (9) 
where is the density of states at the Fermi energy. 
The addition of a small amount of magnetic impurity can 
radically change the properties of a superconductor. In 1958 
Herring (20) explained the large reduction in critical tempera­
ture seen by Matthias et ^  0-2). for La-Gd alloys by suggesting 
that it was due to electrons interacting via exchange with 
the paramagnetic impurity gadolinium ions. Later Abrikosov 
and Gor'kov (21) (hereafter referred to as AG) presented a 
more complete theory for randomly oriented magnetic impurity 
ions in a BCS host. A number of interesting consequences came 
out of this Green's function approach to the magnetic impurity 
problem. The AG expression which relates the critical 
temperature of the pure material and alloy agreed well with 
experiment especially for low impurity concentrations. 
That expression is 
1" (^ ) - (10) 
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whore is the critical temperature of the alloy, ^  is the 
digamma function and p is directly proportional to the 
impurity concentration. The critical temperature of tho alloy 
is depressed to zero at the critical concentration, n^^. 
When there is flux penetration the analysis becomes 
somewhat more complex, Pulde and Maki (22) have generalized 
the theory for alloys which show Type II superconducting 
behavior. In their formalism several other terms may be 
added to the AG p and these terms give additional adjustable 
parameters. The experimental work on superconductors in the 
"dirty" limit have been successfully fit (17, 18) using this 
theoretical approach. By using Type I superconducting alloys 
one hopes to use the more simple AG results. 
Within BCS there was always a gap in the excitation 
spectrum when an element was in the superconducting state. 
In AG modifications in the density of states are very important 
and "gapless" superconductivity is one result. Whereas the 
paired electrons have essentially infinite lifetime, when 
magnetic impurities are added to the metal the electrons 
interact with the impurity ions via spin-exchange breaking 
up pairs thus introducing a real lifetime effect. This in 
turn causes an energy broadening introducing states into the 
gap in the density of states. As the concentration of 
magnetic impurities increases the lifetime becomes shorter 
and eventually the gap in the excitation spectrum disappears. 
8 
Even in the absence of a gap there are electron pair 
correlations, immeasurably large conductivity, Meissner 
effect and other phenomena that characterize the super­
conducting state. The AG order parameter which decreases 
monotonically with increasing temperature and becomes zero 
at the critical temperature is a measure of the pair 
correlations and plays a role similar to the BCS energy gap. 
One has no gap when the ratio of the lifetime broadening 
parameter to the temperature dependent order parameter is 
greater than one. Thus for all magnetic impurity concentra­
tions there is "gaplessness" over a range of temperatures 
near T^ where the order parameter is small. The gap in the 
density of states disappears at even the lowest temperatures 
for concentrations above 0.91 n 
cr 
An expression for the free energy difference at zero 
degrees derived by Skalski, Betbeder-Matibet, and Weiss (23) 
(hereafter referred to as SBW) shows that the ratio of the 
critical field at zero degrees to the alloy critical tempera­
ture docroasos with increasing magnotlc ImpuriLy conconLrutions. 
They give an integral equation which one must solve numerical­
ly to find the free energy difference and hence the critical 
field at finite temperature and examine it in the limiting 
cases as T goes to zero and as T goes to T^. Another SBW 
contribution was an expression for the jump in the specific 
heat at the critical temperature for a superconductor 
containing magnetic ions. 
9 
D. Objectives 
The objectives of the study were to measure critical 
field curves for thorium-gadolinium solid solutions, to 
calculate critical field curves for superconductors with 
magnetic impurities by performing the numerical integration 
suggested by SBW, and to compare the calculated critical 
field curves with those measured. An additional comparison 
was possible in that the jump in the specific heat calculated 
from the theory could be compared with that calculated from 
the slope of the critical field curve at (obtained from 
Rutger's formula). 
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II. EXPERIMENTAL PROCEDURE 
A. Critical Field Determination 
3 
A He refrigerator was used to obtain critical field data 
down to 0.3 °K. In this apparatus a ballistic induction 
technique was used to measure isothermal magnetization curves. 
The sample was placed in the cryostat at the center of a 
nitrogen cooled solenoid with the magnetic field slightly 
higher than the critical field.. The applied field was 
decreased in small steps and changes in flux linking the 
sample were registered by a ballistic galvanometer in series 
with a transition sensing coil located around the sample. 
The sum of the galvanometer deflections is a measure of the 
flux expelled from the sample and the ratio of this to the 
total deflections in the transition is a measure of B/H for 
the sample. A plot of the sum of galvanometer deflections 
versus applied field was made for each transition and the 
linear part of the data was extrapolated to B/H = 1, the 
corresponding field being chosen as the critical field. A 
complete analysis of this method has been given elsewhere (24). 
The procedure followed in taking data was to stabilize the 
temperature wait 10 to 15 minutes then measure the normal-to-
superconducting and superconducting-to-normal transitions 
twice. 
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B. Thermometer Calibration 
A germanium resistor, GR 928, was used as a secondary 
thermometer in all critical field measurements. The resistor 
3 4 
was calibrated in the He refrigerator against the T-58 He 
vapor pressure tables (25) from 3.9 to 1.3 degrees and against 
the susceptibility of cerous-magnesium-nitrate, CMN, from 
1.3 to 0.3 degrees Kelvin. A cross-section of the cryostat 
used in the calibration reduced to 1/2 scale is shown in 
3 
Figure 1. In this system the He evaporation chamber was 
4 backed up by a He evaporation chamber which was maintained by 
a manostat in the temperature range from 1.4 to 1.0 degrees 
depending on whether data was being taken above or below 
3 1.0 degrees. The He evaporation chamber was used to reach 
the lower temperatures. A vacuum jacket separated the evapora­
tors from the He^ bath which was kept at about 4.2 °K. The 
3 
copper resistor block was fastened directly to the He 
evaporator with bolts and held another germanium resistor 
(GR 267), and two Spear carbon resistors (SR 11 and SR 12) 
in addition to GR 928. The salt pill was made from CMN 
crystals ground to less than 0.5 mm under Dow Corning silicone 
oil which had a viscosity of 50 centistokes. A spherical 
nylon form 1 3/8 inches in diameter was packed with CMN 
crystals to a density of 1.8 gm/cc. Thermal contact between 
salt pill and resistor block was made through nine No. 26 
copper wires which went through the salt pill and were silver 
soldered to the resistor block. A heat shield made of copper 
12 
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Figure 1. Cross-section of cryostats 
13 
strips fastened to a paper form with GE-7031 varnish enclosed 
3 
the salt pill and was thermally anchored to the He evaporator. 
The primary of the salt pill mutual inductance coils 
was a Garrett sixth order solenoid (26) wound in three layers 
with No. 32 copper wire that had Nylclad insulation. It had 
1179 turns with 135 additional turns on each end. The second­
ary was wound over the primary in three sections with No. 28 
Heavy Polythermaleze coated copper wire. The center section 
consisted of 3226 turns in 31 layers and had a room temperature 
resistance of 137 ohms while the two end sections were wound 
in the opposite sense each containing 1631 turns in 25 layers 
and each having a room temperature resistance of 71 ohms. 
These coils were located in the liquid helium bath and were 
held in place by a collar around the vacuum jacket can. 
A 33 Hz Hartshorn mutual inductance bridge was used to 
measure the susceptibility of the CMN. In connection with the 
bridge were lumps of mutual inductance in sizes ranging from 
0.837 to 73.165 units where each unit was about 2 microhenrys. 
The lumps were calibrated both before and after the resistor 
calibration and gave results consistant to less than 0.01 
units. The results of the calibration of November 7, 1966 
were used in analysing the data. 
The magnetic temperature, T^!-, and the susceptibility, 
X, of an ideal paramagnetic salt obey the simple Curie law 
equation 
c 
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where c is the Curie constant. For CMN it has been shown that 
1*'' is the Kelvin temperature down to 0.006 'K (27). Hence, 
one can relate the mutual inductance, M, of the coils around 
the salt pill to the temperature by the relation 
M - "I + B (12) 
where one obtains the constants A and B by calibrating the 
salt against He^ vapor pressure. These constants wore obtained 
by least square fitting 12 data points in the He^ vapor 
pressure region. The results were 
M = + 30.460 units. (13) 
The bridge was read to 0.002 of a unit so the temperature 
O 
could be measured to a precision of about (0.002 T /19.738) 
degrees Kelvin. 
Even with 1 (lamp resistor currents GR 928 showed heating 
at the lower temperatures. Table 1 shows the GR 928 resistance 
measured for various thermometer currents while the tempera­
tures were determined from the paramagnetic salt. Heating is 
indicated by a" lowering in the thermometer resistance as the 
thermometer current is increased. 
Table 1, GR 928 thermometer resistance for different currents 
Resistance in ohms for 
Temperature °K 1.0 (iamp 0.5 ixamp 0.4 jiamp 
0.857 378.68 - 378.38 
0.529 2417.8 2545.55 
0.310 30,354 - 53,965 
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As the resistance readings were reproducible in spite of the 
heating it was decided to use the 1.0 |iamp thermometer 
current. 
The data which resulted from this calibration for all 
four resistance thermometers are in Appendix A, No change 
in germanium thermometer resistance was seen for magnetic 
fields used in this research. 
C, Temperature Control 
Temperatures were maintained by pumping on liquid 
condensed in the evaporation chambers located in the vacuum 
3 jacket. A heater on the He evaporator with a feedback 
system to adjust the heater current was used as a fine 
control. The feedback system operated as follows; The 
3 
voltage drop across the carbon resistor attached to the He 
evaporator was measured with a Leeds and Northrup K-3 
potentiometer while the output of a Keithley 153 microvolt-
meter, used as. a null detector for the K-3, was monitored 
on a Bristol strip chart recorder and the recorder retrans­
mitting slidewire functioned as a voltage divider in the 
heater current supply so that the current increased when the 
O 
voltage drop across the resistor increased (when the He 
evaporator got colder). To change temperatures the heater 
was turned off and the resistance change was followed with 
the potentiometer until the desired temperature was reached 
at which time the heater was turned on. The system 
16 
stabilized quickly and temperatures have been maintained with 
drift of less than a millidegree for 1 1/2 hours. Typically 
temperatures were maintained with a precision of 0.0001 
degrees for 1/2 hour periods during which a.critical field 
point was measured. 
D, Critical Field Cryostat 
A copper holder for the transition sensing coils and 
germanium secondary thermometer was bolted to the bottom of 
2 
the He evaporation chamber in place of the resistor block 
and salt pill (see Figure 1). The surfaces in this and other 
pressure contacts in the cryostat were coated with Apiezon N 
grease to improve the thermal conductivity at the boundary 
thus shortening the time required for the system to come to 
thermal equilibrium. The germanium resistance thermometer (A) 
was cemented in place with Apiezon N grease. The leads from 
the germanium thermometer and the transition sensing coils 
4 
were thermally anchored to the coil holder and He evaporator 
with GE-7031 varnish. 
Three transition sensing coils (B) were sandwiched 
between flanges and the bottom flange, which was silver sold­
ered to the central part of the coil holder, had holes in it 
to allow samples to be inserted at the bottom of the coil. 
The transition sensing coils were wound astatically in two 
sections on copper coil forms 1.8 inches long with 1/2 inch 
outer diameters and 3/32 inch bores (one form had a 1/8 inch 
17 
bore). Each half of the coil form contained 32,000 turns 
of No. 46 copper wire with S. Hudsol insulation. 
One end of the superconducting samples (C) was cemented 
in a 3/16 inch collar with GE 7031 adhesive or Apiezon N 
grease. Enough of the sample extended above the collar so 
that the bottom half of the transition sensing coil was full 
when the collar was held in the yoke (D) attached to the 
bottom of the coil holder. The samples were centered in 
the sensing coils so that they did not touch. The only 
thermal contact with the samples was through the copper 
collar. The heat shield used in the resistor calibration 
enclosed the coil form holder. 
E. Magnetic Field Sources 
The applied field at the samples was supplied by a liquid 
nitrogen cooled solenoid (main solenoid) and an air cooled 
solenoid (stepping solenoid). When measuring a critical field 
point; the main solenoid was kept at a constant field while 
one stepped through the transition by changing the field from 
the air cooled solenoid. 
The nitrogen cooled solenoid was 10 inches long and had 
an inner diameter of 4 inches. It was wound with No. 14 
square Heavy Formvar coated copper wire with 1133 turns in 
eight layers and had 128 turns overlaid on the ends to 
compensate for end effects. Layers were separated by 
acetate strips parallel to the solenoid axis to allow free 
18 
circulation of liquid nitrogen through the windings. The 
resistance of the solenoid at liquid nitrogen temperatures 
was 0.5 ohms and since currents used were less than 3 amps 
the power dissipated was less than 5 watts. 
The main solenoid current supply was a Spectromagnetic 
power supply with current regulation stable to one part in 
10^. The currents were measured with a Guildline Type 
9180-B potentiometer by measuring the voltage drop across 
a 0.1 ohm standard resistor in series with the solenoid. 
This solenoid was calibrated at liquid nitrogen 
temperatures by proton magnetic resonance in . glycerine. Four 
data points were taken at the center of the solenoid in the 
range 5.49907 to 6.30842 MHz which gave a gauss to amp ratio 
of 55.895. The NMR probe was moved both axially and radially 
from the center and an axial field profile was plotted which 
showed homogeneity within 0.01 % over a range of 3.1 cm and 
within 0,1 % over a range of 6.55 cm. The maximum field change 
at 1.3 cm off the axis which was the limit of the radial 
measurements was 0.004 %. 
The air cooled solenoid was of the Garrett sixth order 
design and was 18.5 inches long by 10 1/8 inches in diameter. 
About 1034 turns of No. 26 Nylclad covered copper wire were 
wound in one layer on a phenolic form with 122 additional 
turns overlaid on each end. Current for the air cooled 
solenoid was supplied by one, two, or three 6 volt storage 
batteries depending on the width of the transition being studied. 
The field could be stepped from its maximum value to zero in 
19 
15 equal steps by switching increasingly larger resistances 
in series with the solenoid. A current reversing switch 
made possible 30 steps with a total range of about 6.5 gauss 
when three 6 volt batteries were used. This solenoid was 
calibrated against the main solenoid by stepping through a 
superconducting phase transition at a number of different 
main solenoid fields. Since the temperature was held 
constant the differences between the superconducting transi­
tion measurements in steps was equal to the difference in 
main solenoid fields. The stepping solenoid calibration 
yielded a value of 0.0115 gauss per volt step which was used 
in analysing the data. The maximum change in step size 
between consecutive steps due to change in voltage as the 
circuit resistance increased was 0.15 %. The calculated 
field at the center of this solenoid was about 26 gauss/amp 
compared with a measured value of 25.2 gauss/amp. Theoretical­
ly the field was homogeneous to within 0.01 % for a length of 
13 cm along the axis. 
The earths field was nulled with a Helmholtz pair that 
was position and current adjusted using a flip coil in series 
with a ballistic galvanometer. 
F. Sample Preparation 
The pure thorium sample was prepared by an 
-9 
electrotransport technique in a vacuum of 10 Torr. Details 
of this method have been reported elsewhere (28). The sample 
20 
on which critical field data were taken was about 0.1 inches 
in diameter by one inch long and had a resistance ratio of 
1200, The alloys could not be prepared in the same manner 
because the gadolinium ions would be lost from the thorium 
matrix at about the same rate as the carbon and oxygen 
impurities. 
The Th-0.1 at % Gd sample and a Th-0.2 at % Gd sample 
were prepared by carefully measuring correct amounts of 
thorium and gadolinium and arc melting four times, turning 
between melts to insure good mixing. There was less than 
0.03 % loss of weight during the arc melting process. The 
samples were sealed in Ta containers and annealed at 1200 
for a week then pressed into parallelepipeds and swaged 
to a diameter of 0.040 inches. They were then cut to length 
and annealed at 800 "C for 1/2 hour to allow recrystalization. 
Finally the samples were electropolished in a perchloric 
acid and methanol solution. 
Another set of samples was prepared of which the 
Th-0.15 and -0.20 at % Gd samples reported herein were a part. 
For this set of alloys a master alloy which contained 5.0 at 
% Gd was made. The samples were then made by arc melting 
appropriate amounts of this master alloy with thorium. The 
annealing, swaging, and electropolishing procedure followed 
exactly as in the first set of alloys except that a sample 
21 
diameter of 0.060 inches was used. When these samples were 
measured there was hysteresis several gauss wide in the 
transitions which were also very broad. The transitions 
were sharpened and much of the hysteresis removed by 
annealing for one week at 1200 ®C. 
22 
III. CALCULATION OF CRITICAL FIELD CURVES 
These calculations of the critical field curves are 
based on the AG theory for paramagnetic impurities in a 
host material which obeys the BCS theory. The 8BW extention 
of AG contains the basic equations and their notation will 
be followed here. 
The total energy difference between the superconducting 
and normal states can be written as an integral over phonon 
frequencies 
Es - - ij 20 tanh i pœ 
+ (14) 
and the entropy difference is given by 
8s - S. - 4kg to - 1 
[in (1 + e-&») + e&A + 1] 
where is the normal density of states at the Fermi energy, 
N(a)) is the density of states, A(T,r) is the order parameter, 
V is the electron-phonon coupling constant and 3 as usual 
is l/(kgT). The relation between the cutoff and the BCS 
2 2 1/2 
cutoff, (Ojj, is cDq = (ojjj + A ) . The effects of the magnetic 
impurities in both total energy and entropy differences are 
found only in the density of states and order parameter. The 
SBW equation for the free energy difference 
23 
I" - F_ " II - E_ - T(S_ - S„) follows from Equations 14 and 15 S li S n s n 
OJJ 
Fg - Fn " - / dm - l) 2cd tanh 1 poj 
o \ o / 
CO ' 
Pco 
•. [In (1 + e"^) + + 1]. (16) 
9 
Since - Fg = v H^/(8Tr) one can write from Equations 9 and 16 
H >/2 p 11/9 
Ap(0) l^^l + ^ 2 + " ÏÇV 
where 
'"d / \ 
Ij - dm^^ - ij 2ai tanh ^  Pw 
and 
(DÂ gw 
Ig = i / dO) - l) [In (1 + e"^) + e^ + 1] (17) 
o \ o / 
here is the critical field at zero degrees for the pure 
material. The results of the numerical integration for H 
depend on the pure metal critical temperature, Debye temperature, 
critical field and energy gap (can be obtained from Equation 8 
if BCS like) at zero degrees. Once the parameters of the 
base material are fixed the value of T for the alloy is 
c 
sufficient to completely determine the critical field curve. 
We have assumed that N^, v, V, and do not change for these 
dilute alloys. 
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The BCS cutoff was calculated in the usual way with the 
Debye temperature for pure thorium taken from the specific 
heat work of Gordon et al. (29). The half-energy gap for 
pure thorium at zero degrees was obtained from the BCS 
relation 
6p((l) - Hgp (18) 
Where 7 is the coefficient of the normal state electronic 
specific heat. For pure thorium this value of 6^(0) was with­
in 0103 % of the value obtained from Equation 8. 
SEW show that at the critical temperature their equation 
for the order parameter becomes 
" f dcD : tanh ^  P O) (19) 
•> 0 + 
where 
= l/(kgTg). In the absence of the spin-exchange 
scattering time or lifetime broadening, r, this is just the 
BCS expression, r, which is proportional to the impurity 
concentration, was obtained from the critical temperatures ^ 
of the alloy and pure thorium. The integration over phonon 
energies in Equation 19 was performed to find 1/(N^V). This 
was done for each of the alloys yielding essentially the same 
result (there was 0.01 % difference between the integration 
using the T values for the Th-0.1 and -0.2 at % Gd sampled. 
The reduced order parameter for the alloys 6 = A(T, r) /  
Ap(0) was calculated from equations derived by Baratoff (30). 
He shows that one can write the expansion 
25 
oo 
In t = 2x S [ 
° n=0 ~ 2,1/2 
(1 + Xn ) ""n + r 
-[ -i-i-X—)- * (i) ] (20) 
where t = T/T , f = r/A(T, r )  , ^  is the digamma function, 
cp 
*n ° (2n + l)Xo; and 
^n = ^ n 1 -  r  
?2 ,1/2 (1 -i- *;) 
(21) 
One also is given the relation 
6 = 7gt/xQ. (22) 
It can be seen from Equation 20 that for the pure material, 
when one has r = 0 
00 
In t •= 2x E r 1 - 1 . (23) 
Another interesting limiting case of this equation arises 
as T approaches for an alloy. In this situation » 1 
so (1 + ~ ^n from Equation 21 + r so the 
sum in Equation 20 can be neglected and one has the equation 
relating the critical temperature of the pure material, the 
critical temperature of the alloy and r 
+ ( i ) - + ( 1 0 )  
where p= r/['>^T^Ap(0) ] 
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Baratoff used a graphical method with calculated curves 
of constant f and to find 6. For the critical field 
integrations it was important to know ô very precisely so we 
used an iterative technique to obtain from Equation 20 
and then used this result in Equation 22 to find <5. In the 
iteration process, given r/Ap(0) and a value of t less than 
the critical temperature, we first computed G = 7gt/(r/Ap(0) 
which is a constant for a given alloy and reduced temperature. 
In these calculations 0<î'<10 and we iterated by successively 
halving the range to find the consistant value of F and hence 
x ^ .  T h e  m i d p o i n t ,  r  =  5 ,  w a s  t a k e n  a s  t h e  f i r s t  t r i a l  v a l u e  
and the corresponding value of x^ was computed from x^ = Gf. 
With these values of and r. In t was found from Equation 20. 
Baratoff shows that if the computer stops the sum when x^ = 
(2m + 1)XQ the absolute error in the value calculated for 
2 
In t is less than l/(4x^). In these calculations x^>80 which 
-4 gives an error of less than 0.4 x 10 . The calculated t was 
compared with the input value to determine if the correct F 
was greater or less than 5 and if, for example, the correct 
r was less than 5 the next trial value was 2.5. This process 
of halving the f interval and computing the sum was continued 
until the difference in t values was within one part in 10® 
or 50 trials had been made. The corresponding value of x^ 
was then used in Equation 22 to obtain 6. The computer 
program was set up to calculate ô at 30 points at regular 
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2 intervals in (T/T^) for each alloy. For most values oi" r 
there were one or two temperatures where the program made 50 
trials without obtaining an acceptable solution but generally 
it took fewer than 20 trials to determine the correct value. 
For each critical field integration one must know the 
reduced density of states, N(m)/N^, with great precision 
over the entire range of phonon energies, to. This ratio can 
be determined from the density of states parameter, u, since 
^ - Be 1^72 - i Im u (24) 
AG derived a relation between the phonon energy, co, the 
lifetime broadening, and u 
0) = u 1 -
(u^ - 1)1/2 J 
(25) 
where m = (d/A(T, r) and i = ^ 1. To solve equation 25 one 
can square it to obtain the quartic equation 
- 2ûùu^. + (œ^ +V^ - l)u2 + 2mu - = 0 (26) 
which can be solved exactly for the real and imaginary parts 
of u. 
The first step in solving Equation 26 is to compute 
Q = (27) 
which provides some interesting checks because it must be 
greater than zero, to get a nonzero imaginary part for u. 
For all values of r greater than one, Q is always positive 
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which implies N(co)/Nq>0 for all co, gaplessness. If f = 1 
one finds Q = j ^ which goes to zero at ôô = 0 so the 
gap disappears when f = 1. It is easy to show that the 
value of 5 for the half-gap, = (1 - gives Q = 0. 
"•2 Q 
At the Fermi energy Q = [(f - l)/3] and the solution for 
N(co)/NQ is simply (1 - for all f greater than one. 
With the critical temperature for an alloy and that of 
the pure metal, one first calculates r/Ap(0). Given T/T^^ 
and r/Ap(0), the calculation for <5 can be done. Now with 
r/Ap(0) and Ô it is possible to calculate N(co)/NQ over the 
whole range of m so the integration of I^ and Ig can be 
performed. Only and r are needed in the integration to 
determine 1/(N^V) . Using the values of Ij^, Ig, 1/(N^V), 
A(T, r) and 6^(0) in Equation 18 completes the critical 
field calculation. 
The numerical integrations of I^ and Ig were done in three 
parts on an IBM 360/50 computer. This was done to take 
advantage of the characteristics of the integrands in different 
regions. For example, at large to the integrand of 1^^ changed 
little and that of Ig was essentially zero so larger incre­
ments could be used without changing the result of the 
integration. In the first of these three parts, for oj = 0 
to 03^, the Trapezoidal Rule was used and one of the Newton-
Cotes formulas (31) 
29 
h 
f f(x)dx = — (41f_ + 216f, + 27f« + 272fq 
x . Q  1 4 0  °  1 2  3 
+ 27f'^ + 216fg + 41fg) (28) 
was used in the remaining two parts. The second part 
extended from to oj ~ 5A and the third part extended from 
t 
this point to 
A check on the critical field integration method was 
made by doing the integration at zero degrees for each of the 
alloys and comparing the results with those from an SBW 
formula for which was obtained by contour integration. 
The difference between the two results was 0.05 % which is 
good agreement. 
While the calculation of by the SBW formula does 
not require integration it would be difficult to do without 
a computer. Given T^/T^^ one uses Equation 10 to find 
r/Ap(0) as before. Now one computes = A(0, r)/Ap(0) from 
«0 ^ ? 2^ for r 1 (29) 
and using 6 one obtains H /H from 
o o op 
H 
^ = 6^ [1 + 2 in 6^ + -^ (in for r ^  1 (30) 
op 3ir 
Equations 29 and 30 are given in a somewhat different form in 
SBW. The equations for P ^  1 were sufficient for our needs 
because ? = 1 implies T /T = 0.22 and T/T for Th-0.2 at % 
c cp cp 
Gd is 0.548 (the values for the other alloys are larger). 
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Eight reduced critical field curves at intervals of 
0.1 &re shown in Figure 2. The deviation from the 
scaled BCS prediction (the dashed line) can be seen for three 
of the curves. It is noted that decreases more rapidly 
than Tg with increasing magnetic impurity concentration. 
Tabulated results of the critical field calculations are 
found in Appendix B. 
The deviation function for superconductors with 
magnetic impurities resulting from these calculations are 
plotted in Figure 3. As impurity concentration increases 
the deviation below the fiducial parabola becomes more 
pronounced maximum deviation is 
7 % 
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Figure 2. Theoretical critical field curves for super­
conductors with magnetic impurities. The 
dashed line is the BCS prediction 
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Figure 3. Critical field curve deviation from fiducial parabola for superconductors 
with magnetic impurities for several critical temperature ratios 
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IV. RESULTS AND DISCUSSION 
Critical field curve data for the thorium sample with 
resistance ratio 1200 and the alloys Th-0.1, -0.15, and -0.2 
at % Gd are listed in Appendix C. Figure 4 shows excellent 
agreement between the data which are drawn as open circles 
and the AG critical field curves indicated by dashed lines. 
A pronounced reduction in critical field and critical tempera 
ture with increasing gadolinium content can be seen with 
decreasing more rapidly than the critical temperature. 
A. Pure Thorium Results 
In the typical transition for pure thorium shown in 
Figure 5, it is not known why the measured transition 
is somewhat sharper than the theoretical transition for 
an ellipsoidal sample with the same length to diameter 
ratio as the measured sample (shown as a dashed line). 
Pure thorium exhibits supercooling which is indicated 
by the sample remaining normal below until it reaches the 
supercooling field, where it suddenly becomes super­
conducting. This is seen as a sharp break in the normal-
to-superconducting transition in Figure 5. Supercooling is 
a special kind of irreversibility that is found in very pure 
samples. In a perfect crystal one expects a characteristic 
nucleation field given by the Saint-James and de Gennes 
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60 A. Pure Thorium 
B. Th-0.1 at % Gd 
C. Th-0.15 at % Gd 
D. Th-0.2 at % Gd 
40 
20 
lOO-c  
60 
40 
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0^  
0.0 0.6 0.8 0.4 02 
Figure 4. Critical field data for pure thorium and Th-Gd 
alloys plotted versus temperature. The dashed 
lines show the predictions of the AG theory. 
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T = 0.320 ®K 
0.6 
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148 146 150 
H Oe 
Figure 5. Typical superconducting transition for pure thorium 
showing supercooling. The dashed line shows the 
theoretical transition for an ellipsoidal sample 
with the same length to diameter ratio 
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expression (32, 33) 
= 1.69 2 kH^ (31) 
where kis the Ginzburg-Landau parameter. Defects in crystals, 
however, can provide additional nucleation sites for the 
superconducting state and their presence tends to mask the 
fundamental supercooling phenomenon. The difference between 
the critical field and the supercooling field for the pure 
thorium sample decreased monotonically from one gauss at 
0.3 °K until, at about 1.0 "K, it could not be detected. 
The resulting k value was 0.416 with less than 0.5 % scatter 
in this value over the temperature range where supercooling 
could be detected, A measurement for a different thorium 
sample (resistance ratio 35) which had been annealed for one 
week at 1200 °K after swagging also showed supercooling with 
slightly larger k value. In this case hysteresis in the 
transition was not negligble giving some uncertainty in the 
difference between and 
was found to be 159.22 ± 0.06 Oersteds by fitting 
the lowest temperature data points to BCS critical field 
calculations made by Swenson (34). 7 was determined similarly 
by fitting data to BCS calculations for H^/(8'n7T^) by 
Ifùhlschlegel (35). The value of 7 obtained in this way, 
2 4.34 ± 0.03 mj/mole °K , compares favorably with the Gordon 
et al. (29) specific heat determination of 4.31 + 0.05 mj/mole 
2 
"K . The values of H ^  and the critical field calculation of 
op 
7 were used in Equation 18 to obtain 6 (0) and this value was 
P 
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that predicted by BCS, 26^(0) =3.53 Error in the 
above quantities shows only experimental scatter and does 
not reflect uncertainty in the theoretical calculations 
Table 2 contains a list of several pure thorium 
superconducting and normal state parameters as well as 
some results of the previous research of Gordon ^  ^1. and 
Wolcott and Hein (10). 
The Type I behavior of thorium has been noted and the 
ratio of critical temperature to Debye temperature of about 
0.01 indicates that it is a weak coupling superconductor and 
should show BCS like behavior. Critical field measurements on 
pure thorium closely follow the parabolic law so the data 
are presented in Figure 6 as a plot of deviation from the 
fiducial parabola. Data over the whole temperature range 
lies within 0.3 % of the BCS theory, indicated by the dashed 
line. The deviation below BCS for this sample may be due to 
anisotropy effects (36). The excellent agreement with the 
BCS theory is significant for measurements of magnetically 
doped superconductors because AG predictions are based on 
magnetic ions in a BCS matrix. 
Results of calculations for the entropy difference, 
S^ - Sg, between the superconducting and normal state computed 
from Equation 5 are shown in Figure 7. Figure 8 shows the 
calculated superconducting electronic specific heat for pure 
thorium as open circles. These results were obtained by 
finding C^ - C^ from Equation 6 and subtracting it from the 
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Table 2. Various parameters for pure thorium 
This work Gordon 
et al. (29) 
Wolcott and 
Hein (10) 
^300^^4.2 
p .  %-cm 
^OP 
s "K 
H „ Oersted 
op 
7 mj/mole "K* 
^p«»/Vcp 
-CdH/dT) 
° ^cp 
1200 35 
0.0128 0.445 
1.390 1.364 
±.001 ±.003 
159.22 156.5 
±0.06 ±0.5 
4.34% 
±.03 
1.765 
203±5 
2.50 
±.07 
1.390& 
±.001 
163.3 
±.07 
4.31 
±.05 
196 
2.42 
1.37 
162 
4.65C 
190 
^Gordon, J. E., Amherst, Massachusetts. Specific Heat 
of Thorium. Private Communication. 1967. 
^Molar volume of 19.7 cc/mole was obtained by measuring 
the density. 
^Calculated from 7 = -(vHy2Tr) (dH^/dT^) ^ 2 = g 
^Calculated from Equation 18. 
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Figure 6. Deviation of the pure thorium critical field curve from the fiducial 
parabola 
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t 
Figure 7. Difference in entropy between the normal and 
superconducting states for pure thorium as a 
function of reduced temperature. The line 
through the origin indicates 7T, 
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mole ®K 
0.0 02 04 06 0.8 
T ®K 
Figure 8. Superconducting electronic specific heat for 
pure thorium as a function of temperature. The 
line is the normal state electronic specific 
heat, 7T, and the dashed line indicates the 
jump at the critical temperature 
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normal electronic specific heat, 7T (the solid line). The 
dashed line indicates where the jump in specific heat occurs. 
The jump in the specific heat at the critical temperature was 
obtained from Equation 7, Rutger's formula. The critical 
field slope used in Rutger's formula and reported in Table 2 
resulted from a best linear fit to the data near T plotted 
cp 
2 
as H versus T . 
c 
Critical field measurements made on the thorium sample 
which had a resistivity ratio of 35 gave a critical temperature 
of 1.364 °K. Considering the results of measurements made by 
Chanin, Lynton, and Serin (37) on tin with nonmagnetic 
impurities, this lower critical temperature could be expected 
for a resistivity ratio of this magnitude. The spacing 
between the critical field curves for this sample and the 
other thorium sample appeared to decrease slightly with 
decreasing temperature. A value of approximately 156.5 Oersted 
was estimated for the critical field at zero degrees. Thorium 
of approximately this purity was used as the base material 
for the thorium-gadolinium alloys. 
B. Hysteresis 
Obtaining a value for the critical field of the alloys 
was complicated by hysteresis in the transitions. Similar 
effects for the superconducting transitions of lead have been 
reported by Decker, Mapother, and Shaw (38) who attributed 
the hysteresis to strain and impurities in the sample. Shaw . 
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and Mapother (39) studied the effects of annealing and found 
it effective in reducing the hysteresis. 
The pure thorium sample with high resistivity ratio 
showed negligible hysteresis but the alloy base material 
showed the effect. The 1 % hysteresis in the base material 
was decreased by more than a factor of three when annealed 
at 1200 "C (close to the 1365 °C phase transition) for one 
week. 
As first prepared the second group of alloys showed 
broad transitions with much hysteresis as shown in Figure 9 
(open circles) for the Th-0.2 at % Gd sample. The hysteresis 
was reduced by about a factor of seven to one per cent of 
the critical field (open triangles in Figure 9) by annealing 
one week at 1200 "C. Annealing at these temperatures close 
to the phase transition tends to homogenize the alloy. In 
addition to a large reduction in hysteresis the annealing 
tended to sharpen the transition considerably. Typically 
the hysteresis loop after annealing tended to the center of 
the previous larger loop and for this reason values of 
for the small hysteresis loops were determined by the usual 
method for transitions in increasing and decreasing field 
and these results were averaged to obtain the values listed 
in Appendix C. 
The difference between the values of in increasing and 
decreasing applied field, magnitude of the hysteresis, is 
listed for each data point in Appendix C. The magnitude of 
1.0 A A 
0.8 
0.6 
0.4 
^ Th-0.2 % Gd 
f O 0.319 °K 
A 0.318 ®K 
0.2 
0.0 
54 56 58 60 62 64 66 68 
H Oe 
Figure 9. Superconducting transitions for Th-0.2 at % Gd annealed at 800 "C for 
1/2 hour (circles) and at 1200 °C for 1 week (triangles). H is an 
average critical field for transition with the least hysteresis 
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the hysteresis increased monotonically if somewhat 
irratically with magnetic field for the Th-0.1 and -0.2 at % 
Gd samples while that for Th-0.15 at % Gd increased to about 
0.3 gauss then leveled off. The effect tencJs to increase 
with increasing gadolinium content. 
C. Meissner Effect for Alloys 
The alloys as well as pure thorium exhibited the Meissner 
effect as evidenced by the fact that one could step through 
the transitions several times and get the same total galva­
nometer deflection in a complete transition. There were 
systematic differences in total deflections for transitions 
in increasing and decreasing applied field probably due to 
time effects for flux collapse and expulsion being large 
enough to make differences in the integrating properties of 
the galvanometer. 
As another check on flux exclusion the total deflections 
in the superconducting-to-normal transitions (normal-to-
superconducting for Th-0.15 at % Gd) were plotted against 
magnetic field for the alloys and a sample of the base metal. 
The resulting curves were essentially linear except for the 
Th-0.1 at % Gd sample which seemed to have two linear segments 
with the low field slope being the steepest. The slopes of the 
total deflection versus field plots for the Th-0.15 at % Gd 
sample, the Th-0.2 at % Gd sample, and the low field slope 
of the Th-0.1 at % Gd corrected for the different sample 
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diameter were about the same. This similarity in slope 
indicated equivalent flux exclusion. The plot of the 
thorium base material had a somewhat steeper slope but the 
sensing coil in which it was located had a larger bore 
complicating a comparison with the alloys. 
D. Alloy Results 
Superconducting transitions for all the alloys were like 
the one for Th-0.2 at % Gd shown in Figure 10. The width of 
the transition is 50 % wider than would be expected for an 
ellipsoidal sample with the same length to diameter ratio, 
seen as a dashed line in the figure, but this width can be 
decreased by annealing. 
The critical concentration, n^^, for gadolinium in 
thorium is 0.33 at % based on calculations involving Equation 
10 and the critical temperature of four thorium-gadolinium 
alloys. The data with the AG theoretical curve are shown in 
Figure 11. Scatter in the data may be due to gadolinium 
content being different from the nominal value, errors in 
measuring T^, or deviations from the theory. In the critical 
field calculations it was assumed that the critical tempera­
ture gave the correct value of r rather than obtaining this 
number from the nominal concentrations. 
The most convincing evidence of the validity of the AG 
theory for this alloy system comes from a comparison of 
measured and calculated critical field cufves. As in the 
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Figure 10. Superconducting transitions for Th-.2 at % Gd. 
The dashed line shows the ideal transition for 
an ellipsoidal sample with the same length to 
diameter ratio 
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Figure 11. Critical temperature as a function of magnetic 
impurity concentration. The curve is from the 
AG theory 
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case of pure thorium the data are presented in Figures 12-14 
as plots of deviation from a fiducial parabola as a function 
of reduced temperature squared. The value of for the 
alloys was computed from AG because critical field curve 
data could not be measured close enough to zero degrees to 
obtain a precise value by extrapolation. The curve on each 
figure is the AG calculation for the alloy T^ to T^^ ratio 
and overall agreement is within 0.5 %. The dashed curve is 
the BCS prediction. These data support theoretical calcula­
tions that the deviations become more negative with increasing 
gadolinium content. The region of gaplessness for each 
alloy, indicated on each deviation plot, shows that while 
several of the measurements for the Th-0.15 and -0.2 at % 
Gd samples were in the gapless region there was a gap in 
the density of states for the Th-0.1 at % Gd data nearest T^. 
The normalized specific heat jump at the critical 
temperature is plotted against the reduced critical tempera­
ture for alloys in Figure 15. Note that critical temperature 
decreases (gadolinium content increases) to the right. The 
2 
values determined from versus T plots for the alloys and 
Rutger's formula (solid circles) show good agreement with 
the curve representing the SBW prediction. The main source 
of error in the calculations involving Rutger's formula is 
uncertainty in the slope of the critical field curve near T^. 
This is compounded because the slope of the critical field 
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Figure 12. Deviation of the Th-0.1 at % Gd critical field curve from the 
fiducial parabola 
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Figure 13. Deviation of the Th-0.15 at %Gd critical field curve from the 
fiducial parabola 
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Figure 14. Deviation of the Th-0.2 at % Gd critical field curve from the 
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Figure 15. Alloy reduced specific heat jump at the 
critical temperature 
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curve is squared in obtaining the specific heat jump. The 
open circles are from specific heat measurements of La-Gd 
alloys done in this laboratory (16). The results of these 
measurements were complicated by a small mixing of the two 
shapes in lanthanum. The dashed line shows what would be 
expected from BCS like superconductors. 
It is of interest to determine the Ginzburg-Landau k 
for the alloys since the theory predicts < less than l/v/i 
for a Type I superconductor. There was no detectable 
supercooling in the alloys so k could not be determined as 
it was for the pure thorium samples. However, a two term 
expression for < discussed by Stromberg (40) can be used 
where k involves only the electronic structure of the metal 
o 
while K involving the electron mean free path is G 
here p is the normal state resistivity in Jhcm and 7 is the 
electronic specific heat coefficient in cgs units. The 
resistivity measurements of these alloys had a linear slope of 
about 2 |ii>-cm per at % Gd in good agreement with previous 
measurements (41) while the base material had a resistivity 
of about 0.44 |xfl-cm which was a little lower than the previous 
measurement. It is assumed that the pure metal 7 can be used 
for the alloys because 7 shows little change when nonmagnetic 
impurities are added to a metal (42) and our data for the 
(32) 
Kg = 7.53 X 10^ P7I/2 (33) 
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reduced specific heat jump at agrees well with SBW who 
assume no change in 7. If one assumes the difference in < 
between pure thorium and the alloys to be due only to differ­
ences in p it is easy to show that 0.7 for the Th-0.2 at 
% Gd. Thus from the < value one would say the alloys 
presented here are Type I superconductors. 
Attempts to measure samples with 0.25, 0.28, and 0.30 
at % gadolinium by the ballistic induction technique were 
unsuccessful due to washed out transitions. Additional 
annealing failed to reduce the large hysteresis and broadness 
of the transitions which may be due to flux penetration 
characteristic of Type II superconductors. Based on the 
above analysis these samples would have < values greater 
than 1//2 and hence be Type II. Some of the samples with 
washed out transitions were examined with an ac susceptibility 
bridge using the transition sensing coil as the secondary 
and the stepping solenoid as the primary. The transition 
although somewhat broad could easily be detected by this 
technique. The critical temperatures measured in this way 
were anomalously high for the samples which were nominally 
0.25 and 0.30 at % Gd while the one with 0.05 at % Gd was 
high but closer to the expected value. Further work is 
needed to establish the anomalously high transition tempera­
tures for the high concentrations. 
56 
The scattering time for magnetic alloys is made up of 
spin-flip and nonmagnetic terms. The total scattering time, 
T^, can be found from the normal state resistivity at low 
-14 temperatures and for these alloys is of the order of 10 
seconds. The spin-flip scattering time is given by •= 
("6)/r so that r/Ap(0) = 0.238 for the Th-0.15 at % Gd sample 
implies an exchange scattering time of about 10~^^ seconds. 
Measured and calculated values for the three alloys on 
which critical field measurements were made are shown in 
Table 3. The values of r/Ap(0), and 2A(0)/kgT^ were 
computed from AG. 
Table 3. Measured and calculated parameters for Th-Gd alloys 
J" ^ "o (Cn-Cs)/(Cn-Cs)p ^ 
|iii-cm og oersted Rutger's SBW c 
Th-0.1 0.629 1.110 123.05 0.698 0.720 0.140 3.91 
at % Gd ±.001 
Th-0.15 0.745 0.900 96.15 0.521 0.523 0.238 4.30 
at % Gd .±.001 
Th-0.2 0.860 0.761 78.63 0.399 0.401 0.298 4.66 
at % Gd ±.001 
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V. CONCLUSIONS 
This research shows the critical field curve for pure 
thorium to lie within 0,3 % of BCS predictions over the whole 
temperature range and the energy gap at zero degrees obtained 
from critical field curve data at the lowest temperatures to 
be the BCS energy gap. The BCS jump in specific heat at the 
critical temperature is 5 % lower than that obtained for the 
pure thorium sample from Rutger's formula but almost within 
experimental uncertainty. Since thorium is so BCS like it is 
an excellent metal for alloying with magnetic impurities to 
test the theory of Abrikosov and Gor'kov. 
The Th-Gd alloys that were measured show a Meissner 
effect and Type I magnetic transitions. Estimates for k 
indicate that these alloys would become Type II for concen­
trations greater than 0.2 at % Gd. 
Numerical, calculations for AG critical field curves 
suggested by SBW show agreement to within 0.5 % with the 
solid solutions data for Th-0.1, -0.15, and -0.2 at % Gd over 
the whole temperature range. For a given alloy the separation 
between the AG and scaled BCS critical field curves increases 
monotonically as the temperature decreases. As one increases 
I 
the gadolinium content the ratio of to T^ decreases 
monotonically and the deviation from a fiducial parabola 
becomes strikingly more negative. 
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Within experimental error calculations of the specific 
heat jump at for the alloys obtained from the critical 
field curve slope at and Rutger's formula agree with 
the theoretical prediction of SBW. 
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VIII. APPENDIX A 
Table 4, Calibration data for germanium thermometers 
Resistance ohms 
Temperature 
°K 
GR 928 GR 267 
0.3101% 30,354b 78.80 
0.3102 30,333 -
0.3183 28,112 -
0.3184 28, 090 78.02 
0.3303 24,963 77.04 
0.3501 20,210 75.56 
0.3642 17,184.9 74.56 
0.3919 12,155.2 72.70 
0.3927 12,100 72.71 
0.4185 8,636.5 71.13 
0.4443 6,236.0 69.74 
0.4729 4,405.6 68.36 
0.001a 3,207.1 07. in 
0.5287 2,417.8 66.02 
0.5568 1,856.29 65.00 
0.5836 1,480.22 64.08 
0.6037 1,266.66 63.43 
0.6234 1,100.24 62.84 
0.6312 1,038.44 62.57 
0.6320 1,036.28 62.57 
0.6418 971.91 62.29 
0.6508 914.42 62.02 
0.6609 860.25 61.74 
0.6679 826.92 — 
These numbers reflect the precision of the temperature 
measurements. The accuracy was about 0.001 degrees. 
b 
Thermometer current for all measurements is 1.0 jxamp. 
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Table 4. (Continued) 
Resistance ohms 
Temperature GR 928 GR 267 
''K 
0.6757 789,96 61.36 
0.7016 688.28 60.70 
0.7220 622.22 60.20 
0.7429 566.65 59.72 
0.7611 525.48 59.31 
0.7792 489.10 58.94 
0.7972 457.02 58.54 
0.8154 429.51 58.18 
0.8314 407.72 57.87 
0.8482 387.44 57.54 
0.8486 387.24 57.58 
0.8576 387.38 57.42 
0.8644 369.07 57.28 
0.8830 351.43 56.95 
0.8900 345.05 56.80 
0.8984 337.78 56.69 
0.9158 324.20 56.44 
0.9341 310.10 56.12 
0..9511 298.64 55.82 
0.9722 286.18 55.52 
0.9910 275.32 55.22 
1.0269 258.50 54.75 
1.0428 251.50 54.52 
1.0654 242.47 54.22 
1.0702 242.10 -
1.0875 234.48 53.92 
1.1095 227.04 53.65 
1.1123 226.92 53.65 
1.1406 218.94 -
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Table 4. (Continued) 
Resistance ohms 
Temperature GR 928 GR 267 
°K 
1.1351 219.09 53.34 
1.1746 208.90 52.90 
1.2180 198.54 52.44 
1.2585 189.92 52.00 
1.3009 181.88 51.56 
1.343 174.90 51.18 
1.361 172.06 51.00 
1.382 168.76 50.80 
1.402 165,78 50.60 
1.478 155.92 49.92 
1.751 130.25 47.88 
2.226 104.06 45.01 
2.284 101.64 44.71 
2.801 85.06 42.19 
3.416 71.73 39.65 
3.658 67.60 38.74 
3.905 63.78 38.00 
Table 5. Calibration data for carbon thermometers 
Resistance ohms 
Temperature SR 10% SR 11 SR 12 
0.3184b 360,00CF 
0.3642 285,500 — — 
0.3919 237,000 - -
0.4443 165,000 164,586 95,628 
0.5013 106,000 103,507 60,553 
^Carbon resistor on He^ evaporation chamber. 4 
^These numbers reflect the precision of the temperature 
measurements. The accuracy was about 0.001 degree. 
^Thermometer current for all measurements is 1.0 iiamp. 
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Table 5. (Continued) 
Resistance ohms 
Temperature SR 10^ SR 11 SR 12 
0.5568 72,860 68,118 40,905 
0.6037 54,030 49,723 30,625 
0.6320 45,770 41,904 26,180 
0.6508 41,025 37,446 23,623 
0.6757 35,950 32,680 20,868 
0.7220 28,620 25,861 16,861.1 
0.7611 24,040 21,633 14,330.2 
0.7972 20,640 18,523.8 12,444.3 
0.8314 18,075 16,174.8 10,998.3 
0.8644 16,022 14,322.9 9,841.2 
0.8984 14,280 12,760.1 8,857.0 
0.9341 12,730.5 11,348.1 7,957.9 
0.9511 12,078 10,761.1 7,581.8 
1.1746 6,892 6,105.5 4,515.4 
1.2585 5,821 5,148.1 3,862.8 
1.343 5,001 4,418.9 3,357.6 
1.382 4,670 4,128.4 3,155.3 
1.478 4,010 3,545.3 2,743.7 
2.226 1,842 1,609 1,326 
3.416 - 853.82 738.12 
3.905 725.33 634.57 
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Table 6. Theoretical AG critical field curve values 
T/Tcp V«op 
3000 .00000 - -
2924 .00912 .9500 -.0094 
2846 .01825 .9000 -.0188 
2683 .03688 .8000 -.0359 
2510 .05606 .7000 -.0505 
2324 .07587 .6000 -.0623 
2174 .09122 .5250 -.0690 
1643 .14061 .3000 -.0742 
1342 .16490 .2000 -.0661 
0949" .19166 .1000 -.0470 
0671 . 20679 .0500 -.0296 
0000 .22467 — -
Tç/Tcp - 0.4 
,4000 .00000 - — 
,3899 .01356 .9500 -.0092 
,3795 .02721 .9000 -.0192 
,3578 .05506 .8000 -.0344 
3347 .08375 .7000 -.0481 
,3098 .11341 .6000 -.0589 
2828 .14419 .5000 —.0664 
2683 .16008 .4500 -.0686 
2366 .19305 .3500 -.0694 
2191 .21024 .3000 -.0677 
,1789 . 24645 .2000 -.0588 
1265 .28613 .1000 -.0395 
0894 .30809 .0500 -.0234 
0000 .33251 - -
= 0.5 
C cp 
5000 .00000 — 
4873 .01824 .9500 -.0087 
4743 .03665 .900 -.0170 
4472 .07418 .8000 -.0320 
4183 .11288 .7000 -,0444 
Table 6. (Continued) 
T/Tcp V«op D(t) 
.3873 .15283 .6000 -.0539 
.3536 .19426 .5000 -.0600 
.3260 .22648 .4250 - 0620 
.2739 .28287 .3000 -.0594 
.2236 .33112 .2000 -.0501 
.1581 .38335 .1000 -.0318 
.1118 .41161 .0500 -.0178 
.0791 .42641 .0250 -.0093 
,0000 .44154 - — 
" 0.6 
c cp 
,6000 .00000 M — 
,5848 .02309 .9500 -.0081 
5692 .04641 .9000 -.0158 
5367 .09404 .8000 -.0295 
5020 .14304 .7000 -.0407 
4648 .19360 .6000 -.0490 
4243 .24598 .5000 -.0541 
3795 .30048 .4000 -.0553 
3286 .35756 .3000 -.0518 
2683 .41787 .2000 -.0425 
1897 .48238 .1000 -.0255 
1342 .51655 .0500 -.0136 
0949 .53406 .0250 -.0068 
0000 .55162 - — 
T^/T^„ = 0.5467 
c cp 
5476 .00000 .. 
5407 .01030 .9750 —. 00'42 
5337 .02057 .9500 -.0084 
5267 .03091 .9250 -.0124 
5195 .04131 .9000 -.0164 
5122 .05178 .8750 -.0202 
,5049 .06230 .8500 -.0238 
,4974 .07293 .8250 -.0273 
,4898 .08359 .8000 -.0307 
,4821 .09438 .7750 -.0339 
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Table 6. (Continued) 
T/T^p D(t) 
,4742 .10521 .7500 -.0369 
.4663 .11615 .7250 -.0398 
.4582 .12716 .7000 -.0425 
.4499 .13827 .6750 -.0450 
.4415 .14946 .6500 -.0473 
.4329 .16075 .6250 -.0495 
.4242 .17212 .6000 -.0514 
.4152 .18362 .5750 -.0532 
.4061 .19520 .5500 -.0547 
.3968 .20691 .5250 -.0560 
.3872 .21873 .5000 -.0571 
.3774 .23068 .4750 -.0579 
.3673 .24275 .4500 -.0584 
.3570 .25495 .4250 -.0587 
.3240 .29243 .3500 -.0578 
.3122 .30525 .3250 -.0569 
.2999 .31823 .3000 -.0556 
.2872 .33141 .2750 -.0539 
.2738 .34479 .2500 -.0518 
.2597 .35839 .2250 -.0492 
.2449 .37222 .2000 -.0462 
. 2291 .38631 .1750 -.0427 
.2121 .40066 .1500 -.0386 
.1936 .41533 .1250 -.0339 
.1732 .43033 .1000 -.0286 
.1500 .44569 .0750 -.0225 
.1224 .46144 .0500 -.0156 
.0866 .47755 .0250 -.0080 
.0000 .49382 - -
Vcp - 0 8472 
6472 .00000 — -
6391 .01268 .9750 -.0040 
6308 .02543 .9500 -.0079 
6225 .03811 .9250 -.0119 
6140 .05114 .9000 -.0153 
6054 .06410 .8750 -.0189 
5967 .07717 .8500 -.0222 
5878 .09035 .8250 -.0254 
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Table 6. (Continued) 
Bc/Hop D(t) 
,5789 .10357 .8000 .0285 
.5698 .11692 .7750 -.0314 
.5605 .13037 .7500 .0341 
.5511 .14392 .7250 -.0367 
,5415 .15754 .7000 -.0391 
,5317 .17129 .6750 -.0414 
,5218 .18514 .6500 -.0434 
5117 .19912 .6250 _ .0453 
5013 .21320 .6000 -.0470 
,4908 .2274 2 ,5750 -.0484 
4800 .24176 . 5500 -.0497 
4689 .25622 .5250 -.0507 
4576 .27082 .5000 _ .0516 
4461 .28557 .4750 -.0521 
4342 .30046 .4500 -.0525 
4219 .31552 .4250 -.0525 
4093 .33072 .4000 -.0524 
3963 .34611 .3750 .0519 
3690 .37742 .3250 -.0500 
3545 .39336 .3000 -.0486 
3394 .40952 .2750 -.0469 
3236 .42590 .2500 -.0448 
3070 .44251 .2250 _ .0422 
3894 .45937 .2000 .0393 
2707 .47650 .1750 -.0360 
2507 .49390 .1500 -.0322 
2288 .51159 .1250 -.0279 
2047 .52959 .1000 _ .0231 
1772 .54789 .0750 -.0178 
0000 .60390 — -
T„/T^„ = 0.7 
c cp 
7000 .00000 _ •» 
6823 .02791 .9500 -.0079 
6641 .05644 .9000 -.0148 
6261 .11440 .8000 — .0273 
5857 .17398 .7000 -.0374 
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Table 6. (Continued) 
V«op t2 D(t) 
.5422 .23540 .6000 -.0447 
.4950 .29892 .5000 -.0489 
.4427 .36492 .4000 -.0493 
.3834 .43380 .3000 -.0453 
.3130 .50618 .2000 -.0361 
.2214 .58274 .1000 -;0206 
.1565 .62258 .0500 -.0104 
.1107 .64267 .0250 -.0051 
.0000 .66261 - -
T /T„„ = 0.7986 
c cp 
.7986 .00000 W. 
.7886 .01614 .9750 -.0041 
.7784 .03298 .9500 -.0073 
.7681 .04975 .9250 -.0106 
.7576 .06656 .9000 -.0139 
.7470 .08344 .8750 -.0170 
.7363 .10046 .8500 -.0200 
.7254 .11758 .8250 -.0229 
.7143 .13485 .8000 -.0255 
.7030 .15222 .7750 -.0280 
.6916 .16969 .7500 -.0304 
.6800 .18731 .7250 -.0326 
.6682 .20504 .7000 -.0347 
.6561 .22292 .6750 -.0366 
.6438 .24092 .6500 -.0393 
.6313 .25907 .6250 -.0398 
.6186 .27735 .6000 -.0411 
. 6056 .29580 .5750 -.0423 
.5923 .31440 .5500 -.0432 
.5786 .33314 .5250 -.0439 
.5647 .35207 .5000 -.0444 
.5504 .37114 .4750 -.0448 
.5357 .39042 .4500 -.0448 
.5206 .40986 .4250 -.0447 
.5051 .42951 .4000 -.0442 
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Table 6. (Continued) 
T/Top V% D(t) 
.4890 .44934 .3750 -.0436 
.4725 .46938 .3500 •-.0426 
.4553 .48964 .3250 -.0414 
.4374 .51012 .3000 -.0399 
.4188 .53083 .2750 -.0381 
.3993 .55178 .2500 —.0360 
.3788 .57297 .2250 -.0336 
.3571 .59442 .2000 -.0309 
.3341 .61611 .1750 -.0278 
.3093 .63807 .1500 -.0244 
.2823 .66026 .1250 -.0207 
.2525 .68269 .1000 -.0166 
.2187 .70529 .0750 -.0124 
.1786 .72787 .0500 -.0082 
.1500 .74129 .0353 -.0055 
.1000 .75884 .0157 -.0024 
.0000 .77283 - — 
= 0.9 
c cp 
.9000 .00000 W. — 
.8772 .03816 .9500 -.0070 
.8538 .07715 .9000 -.0130 
.8050 .15638 .8000 -.0237 
.7530 .23765 .7000 -.0320 
.6971 .32133 .6000 -.0377 
.6364 .40764 .5000 -.0404 
.5692 .49699 .4000 -.0396 
.4720 .61352 .2750 -.0332 
.4025 .68629 .2000 -.0262 
.2846 .78647 .1000 -.0132 
.2012 .83720 .0500 -.0060 
.1423 .86224 .0250 -.0028 
.0000 .88689 - -
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Table 7. Reduced density of states for ? = 0.505 
œ/A(T,r) (N(a3)/N^J)-1 Re u Im u 
0.101 
0.201 
0.233 
0.303 
0.405 
-01.0000000 
-01.0000000 
- 0.8216066 
- 0.5412290 
- 0.3377726 
0.6136056 
0.6654424 
0.7400248 
0.0 
.. 0.0 
0.0900886 
0.2316793 
0.3344248 
0.505 
0.606 
0.808 
1.010 
1.210 
- 0.2069734 
- 0.1106481 
0.0169155 
0.8831193 
0.1225484 
0.8126394 
0.8859742 
1.0342001 
1.1866954 
1.3440309 
0.4004783 
0.4491226 
0.5135423 
0.5495975 
0.5668869 
1.420 
1.620 
1.820 
2.010 
3.200 
0.1328249 
0.1281524 
0.1167709 
0.1040257 
0.0475872 
1.5175624 
1.6910567 
1.8717030 
2.0485682 
3.2088156 
0.5720766 
0.5697169 
0.5639693 
0.5575330 
0.5290315 
4.040 
6.060 
8.080 
10.100 
12.000 
0.0303270 
0.0135861 
0.0076526 
0.0048996 
0.0034714 
4.0442051 
6.0611917 
8.0804943 
10.1002511 
12.0001491 
0.5203151 
0.5118610 
0.5088646 
0.5074743 
0.5067530 
14.000 
16.000 
18.000 
20.000 
25.000 
0.0025506 
0.0019529 
0.0015431 
0.0012499 
0.0007999 
14.0000936 
16.0000626 
18.0000439 
20.0000319 
25.0000163 
0.5062880 
0.5059862 
0.5057792 
0.5056312 
0.5054039 
30.000 
35.000 
40.000 
45.000 
50.000 
0.0005555 
0.0004081 
0.0003124 
0.0002469 
0.0001999 
30.0000094 
35.0000059 
40.0000039 
45.0000028 
50.0000020 
0.5052805 
0.5052061 
0.5051578 
0.5051246 
0.5051009 
55.000 
60.000 
65.000 
70.000 
75.000 
0.0001652 
0.0001389 
0.0001183 
0.0001020 
0.0000889 
55.0000015 
60.0000011 
65.0000009 
70.0000007 
75.0000006 
0.5050835 
0.5050701 
0.5050598 
0.5050515 
0.5050449 
79.880 0.0000784 79.8800005 0.5050396 
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Table 8. Critical field data for pure thorium 
T He 
"K Oersted 
0.3076 
0.3154 
0.3199 
0.3317 
0.3321 
0.3496 
0.3504 
0.3669 
0.3680 
0.3885 
0.4004 
0.4005 
0.4400 
0.4402 
0.4702 
0.4704 
0.5011 
0.5013 
0.5536 
0.5537 
0.6055 
0.6061 
0.6066 
0.6532 
0.6532 
0.6533 
0.6965 
0.6966 
0.6971 
0.7364 
0.7363 
0.7750 
0.7752 
0.8103 
0.8106 
0.8462 
0.8458 
0.8782 
150.694 
150.506 
150.103 
149.400 
149.24 
148.221 
148.186 
147.113 
146.983 
145.523 
144.665 
144.757 
141.542 
141.561 
139.017 
138.978 
136.272 
136.264 
130.795 
130.994 
125.516 
125.510 
125.444 
119.952 
119.900 
119.900 
114.555 
114.584 
114.610 
109.563 
109.714 
104.475 
104.483 
99.452 
99.381 
94.372 
94.356 
89.674 
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Table 8. (Continued) 
T He 
°K Oersted 
0. 8784 89.552 
0. 8785 89.618 
0. 9132 84.414 
0. 9132 84.351 
0. 9419 79.930 
0. 9422 79.830 
0. 9500 78.566 
0.9739 74.817 
0. 9739 74.865 
1. 0014 70.345 
1. 0024 70.056 
1. 0291 65.869 
1. 0295 . 65.656 
1. 0606 60.526 
1. 0606 60.486 
1. 0886 55.655 
1. 0896 55.504 
1. 0901 55.618 
1. 1094 52.158 
1. 1115 51.816 
1. 1187 50.419 
1. 1374 47.339 
1. 1376 47.246 
1. 1653 42.468 
1. 1659 42.465 
1. 1842 38.969 
1. 1860 38.870 
1. 1868 38.740 
1. 2036 35.662 
1. 2068 35.061 
1. 2096 34.563 
1. 2100 34.490 
1. 2318 30.405 
1. 2320 30.401 
1. 2473 27.435 
1. 2608 24.934 
1. 2610 24.957 
Table 8. (Continued) 
T. -TC 
°K Oersted 
1.2827 20.824 
1.2830 20.795 
1.2855 20.340 
1.3017 17.264 
1.3040 . 16.851 
1.3040 16.852 
1.3239 13.208 
1.3254 12.901 
1.3360 10.821 
1.3433 9.438 
1.3437 9.366 
1,3440 9.237 
1.3480 8.521 
1.3514 7.861 
1.3603 6.101 
1.3715 3.845 
1.3722 3.715 
1.3722 3.725 
1.3800 2.056 
1.3840 1.267 
1.3842 1.208 
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Table 9. Critical field curve data for Th-0.1 at % Gd 
T Hysteresis 
°K Oersted. Oersted 
0.3124 
0.3182 
0.3510 
0.3511 
0.3924 
0.3925 
0.4298 
0.4298 
0.4963 
0.4963 
0.5822 
0.5825 
0.6566 
0.6567 
0.7252 
0.7250 
0.7842 
0.7845 
0.8416 
0.8416 
0.8946 
0.8948 
0.9448 
0.9452 
0.9930 
0.9931 
1.0383 
1.0385 
1.0678 
1.0686 
1.0817 
1.0821 
1.0969 
1.0970 
111.755 
111.300 
108.790 
108.767 
105.217 
105.218 
101.809 
101.748 
94.782 
94.823 
84.691 
84.643 
74.832 
74.828 
65.184 
65.193 
56.325 
56.272 
47.214 
47.242 
38.466 
38.458 
29.853 
29.808 
21.439 
21.445 
13.238 
13.215 
7.820 
7.723 
5.301 
5.194 
2.524 
2.501 
0.608 
0.642 
0.581 
0.581 
0.558 
0.548 
0.365 
0.526 
0.438 
0.458 
0.372 
0.399 
0.386 
0.385 
0.309 
0.316 
0.302 
0.291 
0.241 
0.220 
0.208 
0.197 
0.169 
0.172 
0.144 
0.144 
0.121 
0.096 
0.089 
0.114 
0.076 
0.075 
0.031 
0.070 
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Table 10. Critical field curve data for Th-0.15 at % Gd 
T Hq Hysteresis 
®K Oersted - Oersted, 
0.3070 82.344 0.222 
0.3080 82.165 0.336 
0.3183 81.316 0.243 
0.3232 80.921 0.342 
0.3485 78.532 0.251 
0.3485 78.610 0.333 
0.3759 75.831 0.430 
0.3761 75.807 0.264 
0.4024 73.044 0.299 
0.4025 73.029 0.230 
0.4499 67.695 0.338 
0.4501 67.706 0.231 
0.4818 63.888 0.217 
0.5129 60.019 0.368 
0.5130 60.044 0.233 
0.5538 54.678 0.267 
0.5698 52.486 0.298 
0.5700 52.436 0.271 
0.6066 47.352 0.327 
0.6212 45.247 0.222 
0.6214 45.193 0.472 
0.6638 38.789 0.260 
0.6640 38.786 0.386 
0.6985 33.554 0.322 
0.7109 31.476 0.307 
0.7109 31.470 0.262 
0.7514 25.100 0.242 
0.7519 25.087 0.236 
0.7913 18.593 0.285 
0.7914 18.673 0.101 
0.8251 12.897 0.212 
0.8254 12.798 0.259 
0.8623 6.427 0.348 
0.8626 6.320 0.234 
0.8632 6.235 0.313 
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Table 10. (Continued) 
T Hc Hysteresis 
°K. Oersted Oersted 
0.8732 4.478 0.320 
0.8738 4.494 0.174 
0.8844 2.608 0.282 
0.8845 2.612 0.069 
0.8856 2.288 0.043 
Table 11. Critical field curve data for Th-0.2 at % Gd 
T Hc Hysteresis 
(°K) (Oersted) (Oersted) 
0.3070 62.854 0.659 
0.3078 62.777 0.682 
0.3086 62.646 0.703 
0.3108 62.373 0.528 
0.3182 61.693 0.555 
0.3182 61.806 0.525 
0.3236 61.195 0.599 
0.3395 59.500 0.588 
0.3398 59.480 0.663 
0.3600 57.389 0.547 
0.3607 57.252 0.588 
0.3984 52.985 0.551 
0.3987 52.955 0.530 
• 0.4496 46.720 0.471 
0.4503 46.717 0.624 
0.4818 42.643 0.654 
0.4948 40.916 0.533 
0.4952 40.918 0.628 
0.5372 35.018 0.449 
0.5372 35.081 0.361 
0.5539 32.580 0.399 
0.5768 29.453 0.393 
0.5768 29.478 0.399 
0.6066 24.938 0.466 
0.6135 23.890 0.377 
0.6136 23.886 0.330 : 
0.6436 19.204 0.353 
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Table 11. (Continued) 
T He Hysteresis 
"K, Oersted Oersted 
0.6437 19.100 0.314 
0.6742 14.283 0.320 
0.6742 14.311 0.311 
0.6985 10.339 0.260 
0.7116 8.295 0.221 
0.7117 8.300 0.263 
0.7322 4.943 0.087 
0.7323 4.983 0.159 
0.7407 3.526 0.095 
0.7410 3.496 0.101 
0.7501 1.882 0.101 
0.7502 1.900 0.0 
